Abstract-With the development of smart grid technologies, some of the electric demands which are traditionally considered fixed and inflexible will become promising distributed energy resources in future power systems. However, the participation of small scale or household energy sources into balancing power might challenge the operation of electric distribution systems and cause congestions. This paper presents a distribution congestion price (DCP) based market mechanism to alleviate possible distribution system congestions. By employing the locational marginal pricing model, the proposed DCPs are able to reflect the real congestion cost and further direct the schedule of the responses of electric demands. Based on the NordPool Spot market structure, the interactions between aggregators and the distribution system operator are discussed, and the procedure for calculating DCPs is proposed. Finally, a practical Danish 60kV/10.5kV distribution system is employed as the test case to verify the proposed method for mitigating congestion.
NOMENCLATURES

B ij
Imaginary part of the nodal admittance matrix between node i and j. C ij Charging susceptance between node i and j. F A Object function of the aggregators.
F D
Object function of the DSO. G Number of aggregators in the distribution system.
G ij
Real part of the nodal admittance matrix between node i and j. H A Number of domestic houses controlled by the aggregator.
H(i)
Number of domestic houses at node i.
I(k, t)
Comfort parameter of the appliance k at time t.
I max (k) Maximum comfort parameter value of the appliance k.
Minimum comfort parameter value of the appliance k.
K(h)
Number of flexible household appliances at house h. N Number of load nodes in the distribution system.
P D (i, t)
Active power demand at node i at time t. P D,fix (i, t) Active power of nonflexible demands at node i at time t. P G (i, t) Active power generation at node i at time t. P flex (k, t)
Demand planning of the appliance k at time t by the aggregators. P flex. max (k, t) Maximum demand of the appliance k at time t. P flex. min (k, t) Minimum demand of the appliance k at time t. P i (h, t) Demand planning for house h at time t for the next trading day. P * i (h, t) Initial demand planning for house h at time t by the aggregators. P ij,t Active power flow between node i and j at time t. P * i,max (h, t) Maximum flexible demand for house h at time t based on the initial energy bids. P * i,min (h, t) Minimum flexible demand for house h at time t based on the initial energy bids. P loss (ij, t) Losses between node i and j at time t. Q D (i, t) Reactive power demand at node i at time t. Q G (i, t) Reactive power generation at node i at time t. Q ij,t Reactive power flow between node i and j at time t. S ij,t Apparent power flow between node i and j at time t. S ij,max Maximum acceptable apparent power flow between node i and j. Set of load nodes within the operation of aggregator g.
I. INTRODUCTION
N OWADAYS, modern power systems are continuously developing toward smart grids with a high level of penetration of renewable energy, electric vehicles (EVs) and distributed energy resources (DERs). Take Denmark as an example, wind energy now amounts to about 28% of the total Danish electricity consumption, and the Danish government aims to increase the penetration level of wind energy to 50% by the year of 2020 [1] . With such a high level of wind energy penetration, energy sources at both transmission and distribution levels are required to participate in a new power system operational paradigm with more flexibilities. As far as a distribution system is concerned, a major challenge for the distribution system operator (DSO) is the optimal operation strategies considering the management of DERs and demand responses (DRs). In particular, the DR is believed to be one of the most efficient solutions to accommodate the growing integration of renewable generation and EVs with volatilities and uncertainties through operating the controllable demand for peak shaving and valley filling [2] .
Although the DR is not a new idea in power system operation, it receives much attention only in recent years due to the wide application of communication technology, e.g., smart meters and wireless communication [3] . It is believed that employing DR into distribution system operation will help consume the excessive electricity produced by the DERs and reduce the peak demand during high demand periods [4] . Moreover, the adoption of DR in the distribution system operation also enables a higher penetration level of distributed generators (DGs) and EVs. However, improper operation of the controllable demands may result in grid congestion, voltage collapse and other problems in the distribution system [5] . The congestion alleviation in transmission systems has already been extensively studied, while more work is required for examining and mitigating the possible overloading of lines and transformers caused by DERs and unexpected DR in distribution systems [6] .
From the perspective of a DSO, the congestion in a distribution system can be handled effectively through proper DR.
Generally, the DR can be achieved through direct load control (DLC) or market mechanisms such as distribution congestion prices (DCPs) [7] . Generally, the economic entities in the distribution system such as aggregators and retailers are driven by economic interests. Thus, they will have the potential to respond to market signals so as to minimize their cost. As a result, suitable market mechanisms are required in order to handle congestions in distribution systems through DR and DCPs.
In this paper, a DCP based market mechanism is proposed to influence the behavior of DR for congestion management in distribution systems in the day-ahead electricity market. Since the DCPs should reveal the true cost of congestion, the concept of locational marginal pricing (LMP) is employed to determine the DCPs in the day-ahead market by the DSO [8] . In this paper, controllable household appliances are selected as the DR sources. While influencing the behavior of DR, the customers' comfort requirement must be respected as well.
The rest of the paper is organized as follows. Section II introduces the aggregated control model of the aggregators for household demands. Section III presents the DCP based market mechanism for congestion management and the calculation of DCPs. Section IV presents the simulation results of the proposed concept in congestion alleviation through DR and DCPs. Finally, a conclusion is drawn in Section V.
II. AGGREGATED PLANNING FOR HOUSEHOLD DEMANDS
Currently, customers are accustomed to consuming electric power without interruptions. As the bi-direction communication between the electricity customers and the associated utilities is coming to reality, certain kinds of household demands can now be seen as flexible and controllable, and have the potential to respond to market signals to minimize their cost without introducing discomfort to the users. Typically, demands controlled by the temperature are regarded as the most important flexible demands in households, as their demands can be altered while maintaining the temperatures within acceptable ranges. These controllable demands include, but not restricted to, heat pumps, refrigeration devices, and water heaters. The air source heat pumps and two kinds of refrigeration devices are employed as flexible household demands in this paper. Detailed thermal models of the flexible household appliances used in this paper are discussed in Appendix A.
However, domestic customers are unlikely to respond to the electricity market themselves. Thus, market entities such as retailers and aggregators will take charge of operating those flexible appliances for the customers and make profits by employing them in the electricity markets. In exchange, the customers will be offered more lucrative contracts as economic compensations.
The operations of these flexible demands are not completely arbitrary as the customers' comfort levels must be respected. As such, the aggregators have to schedule the consumption of these flexible demands according to the price signals to minimize the energy cost, while at the same time maintaining the parameters of the controlled appliances within the acceptable ranges. The objective function of an aggregator in charge of H A domestic houses can be described as
Meanwhile, the operations of these household demands are limited to their characteristics as well as the customers' requirements. In general, the constraints can be expressed as
Equations (2)- (4) denote the total flexible demands of domestic houses, the demand limits of different kinds of appliances at different times, the limits of the comfort parameters of different appliances, respectively. The customers' comfort levels are provided in the power supply contracts, and the comfort parameters can be collected by the aggregators through smart meters.
III. MARKET MECHANISM FOR CONGESTION ALLEVIATION
With flexible appliances available in domestic houses, aggregators and retailers are able to maximize their profits by optimizing the responses of these demands to the fluctuating electricity prices. Compared with autonomous operations, the aggregators will prefer to schedule much more power demand while the price is lower, and vice versa. As a result, the concentrated flexible demand consumption at price valleys is likely to form a new demand peak, and might also cause overloading, voltage drops and other security issues in distribution systems. To alleviate such congestion, certain methods should be taken to prevent the flexible demand peaks and alleviate possible congestions in distribution systems.
A. Congestion Management Strategies
Distribution system congestion management strategies can be divided into three categories: switch operation (distribution system reconfiguration), DLC [9] , and market mechanisms [10] . In general, switch operation is more traditional and has been very well studied. However, it is not very effective while dealing with congestion scenarios in radial network topologies. Moreover, switch operation based methods could not take advantage of the flexibilities of household appliances and other flexible loads such as the EVs. While taking flexible household appliances into account, DLC and market mechanisms are more reasonable in dealing with potential congestions.
The differences between DLC and market methods lie in the responsibilities for controlling the flexible demands. DLC based on the direct control signals to flexible demands to alleviate demand peaks, while market mechanisms depend on market prices or other economic signals in directing the behaviors of flexible demands. Market mechanisms are adopted in this paper as customers are more willing to react to economic signals and make profits rather than being ordered to change their demands.
B. Market Architecture
In the Nordic region, the day-ahead energy market is operated by NordPool Spot [11] . Market participants must submit their supply and demand bids for the next trading day (NTD) by 12:00 of the present trading day (PTD), and the auction of the supply and demand bids determines the day-ahead energy prices of the NTD. In order to ensure that the congestion alleviation market mechanisms can be successfully integrated into the day-ahead Nordic electricity market, the mechanisms for the alleviation of distribution system congestion must be done before the market clearing of the NordPool Spot, which is 12:00 of the PTD.
As such, the DSO will have to ask the aggregators to submit their initial demand bids for the NTD to the DSO first, i.e., before 11:00 of the PTD. However, the spot price of the NTD is unknown at this point, so historical data will be employed to help estimate the spot price for the NTD. Then DSOs can verify the bids of the aggregators to see whether there will be congestions if their bids become the final bids in NordPool Spot. If there are possible congestions, the DSO will take certain measures and guide the aggregators to alleviate concentrated demand peaks. With market mechanisms, the DSO has to employ reasonable market signals while coordinating with aggregators. The DCP is adopted in this paper for distribution congestion management. Aggregators and retailers will reschedule their energy bids according to the DCPs provided by the DSO. Then the final bids will be submitted to NordPool spot market before 12:00 of the PTD with the DCPs considered. This DCP based congestion alleviation architecture is illustrated in Fig. 1 .
C. DCP Calculation
The concept of DCP is similar to that of the LMP, which is the marginal cost at each node and reflects the extra cost due to congestion and energy losses [12] . Thus, by calculating the LMPs in distribution systems, the elements caused by congestions can be regarded as the DCPs. Generally, LMP is employed in transmission systems and distribution systems with multiple generation units such as DGs [13] . While considering certain household appliances as flexible power demands in the distribution system, LMP can still be calculated as in this case the demands are adjustable.
From the view of the electricity market, the electricity customers should also submit their bids or willingness in scheduling their flexible demands. However, the real cost of regulating these thermal demands in system operation is quite hard to estimate. Moreover, irrational bids may result in low efficiency or failure in the electricity market and system operation. In this paper, the operator in a distribution system will handle the possible congestion in a bid-less market instead of a double auction market [14] . Based on the initial demand bids of the aggregators and detailed information about the availabilities of the flexible demands, the DSO will formulate the distribution LMPs in the day-ahead market for the NTD. If possible congestions have been detected by the DSO, the aggregators will then reschedule their energy bids for the NTD based on both the predicted spot price and the DCPs provided by the DSO. In this way, concentrated demand peaks and the possible congestion in the distribution system will be alleviated.
Alternative current optimal power flow (ACOPF) is employed in this paper to calculate DCPs. The objective of the ACOPF model is to minimize the total electricity supply cost of the whole distribution system in the NTD. The optimization bases on the initial energy bids submitted by the aggregators. With the detail information about the initial schedule and availabilities of all the flexible demands, the DSO can calculate the LMPs for the NTD if there will be congestions. The objective function is shown in
The constraints of the distribution system as well as the flexible demands are considered in the ACOPF model, as shown in
S ij,t ≤ S ij,max .
Equations (6) and (7) denote the typical AC power flow equations. Equation (8) denotes the voltage constraints in the distribution system. Equation (9) calculates the total active power demand at each load node. Equation (10) bases on the information of initial energy bids provided by the aggregators and limits the availabilities of the flexible demands at different domestic houses. Equation (11) is the constraint of the apparent power flow in the distribution system, and S ij,t can be calculated through
The LMPs can be calculated by solving the above ACOPF model, which can be expressed as
The LMPs represents the marginal costs at different distribution nodes throughout the time period. However, the marginal costs caused by distribution congestions have to be separated from the LMPs, shown as
(16) The calculated DCPs illustrate the part of LMPs that are caused by congestions. After solving the ACOPF model, the DSO will be able to publish the DCPs for the aggregators to further modify the demand schedule and alleviate congestions.
D. DR Operation Based on DCPs
The DCPs should be considered in the planning of flexible household demands by the aggregators and retailers for the NTD in the day-ahead market after the verification of DSO is done. The objective functions for aggregators still aim to minimize the total energy cost at the NTD, and the DCPs should also be taken into account. In practice, it is possible that multiple aggregators exist in the distribution system, and each aggregator will optimize the planning of flexible demands within its own control area. The objective function for aggregator g is described in (17) , while all the constraints shown in (2)-(4) remain the same Through the optimization with DCPs considered, these aggregators will determine their control strategies of flexible demands in the NTD by shifting the loads based on the predicted energy price and the DCP profiles.
IV. CASE STUDIES
In order to verify the effectiveness of the proposed congestion alleviation mechanism using DCPs in distribution systems, a Danish 60 kV/10.5 kV distribution system has been employed in case studies [15] . The topology of the test system is shown in Fig. 2 . The test system contains 30 distribution load nodes. The discretized demand response model for the aggregators and the ACOPF model for the DSO in DCPs calculation are solved by GAMS/CPLEX and GAMS/CONOPT, which are high-performance commercial solvers for the linear programming and nonlinear programming models, respectively [16] , [17] .
A. Simulation Descriptions 1) Domestic Houses:
Assume that there are 60 domestic houses at each distribution load node, and the floor area of all the houses randomly varies from 40 to 250 m 2 . In practice, the thermal characteristics of all the houses of customers will vary from each other in terms of structure, material, etc. In this case study, the thermal characteristics of domestic houses are simplified to have the similar structure and properties, thus the thermal models of different houses can be described based on their floor areas. Also, the case studies are based on the normal climate data of the winter in Denmark, so all the houses will have to use their heat pumps or other heating devices. For more accurate modeling of the domestic houses, aggregators could use the collected data and analyze the simplification errors, and further modify the characteristics of the models accordingly. Detailed comfort settings and the parameters of different household appliances are described in Tables III-VI  in Appendix B. 2) Aggregators: Two aggregators are assumed to participate in the distribution system operation in this case study, as shown in Fig. 2 . According to Fig. 1 , the aggregators have to estimate the initial conditions of flexible appliances at the beginning of the NTD. The initial conditions of the NTD can be estimated by the real-time comfort parameters during bidding hours through smart meters and the demand schedules at the PTD. Also, all the appliances are assumed to operate following the aggregators' schedules.
3) Simulation Scenarios: Two simulation scenarios listed in Table I have been used to test the validity of the proposed method. In both scenarios, the congestion happens at the 60 kV/10.5 kV substation NOR-NOR1. Both the night peak and morning peak spot price profiles were obtained from the spot prices of the DK-west region in the NordPool Spot market. Moreover, the estimated spot price for the NTD by the aggregators and the DSO is assumed to be perfect. If an estimation error exists, the congestions in the distribution system can still be further handled in the real-time market and other control strategies, which is out of the scope of this paper.
B. Simulation Results
The difference between these two scenarios is the time period of higher (or lower) spot prices. As the customers will use more electricity during the evening, the nonflexible part of power demand, such as lighting and cooking, will be significantly higher than that during the daytime.
The DCPs calculated by the DSO in both scenarios are shown in Figs. 3 and 4 , respectively. The initial energy planning and the final demand bids with the consideration of DCPs by the aggregators in both scenarios are demonstrated in Figs. 5 and 6 , respectively.
C. Results Analysis
Figs. 5 and 6 demonstrate that the proposed DCP strategy can alleviate the concentrated demand peaks and the scenario 1 as examples. The flexible demand schedule at these two load nodes are the same when aggregators submit their initial plans to the DSO, but the final demand bids are quite different, as shown in Fig. 7 . Table II lists the maximum loading in both scenarios. It can be noted that slight congestion still exists, and the congestions with morning peak price profiles are harder to alleviate. Generally, the proposed DCPs mechanism can be considered feasible in distribution congestion alleviation since the maximum overloading with DCPs only exceeds less than 1.0% in night peak price profiles and 2.0% in morning peak price profiles.
The possible reasons for the overloading can be due to the nature of the demand response characteristics of household loads and the flexibilities in planning the loads among all the 60 houses at each load node. Even with DCPs, the aggregators can still adjust the demands within those 60 domestic houses at each node. Besides, the time resolution of the DA market is 1 h, so the results of the discretized DR models will be quite rough. Fig. 8 demonstrates the highest and lowest voltages among all the distribution load nodes for the NTD of scenario 1. Although the demand bids submitted by the aggregators are not exactly the same with the results of ACOPF optimization by the DSO, the nodal voltages can still be kept within acceptable ranges. However, if the distribution transformer's tap changes inappropriately, the flexibilities of household appliances could result in unexpected voltage drops or voltage collapses. In this case, the DSO is not able to formulate suitable DCPs, and other methods such as modifying the transformer's tap and DLC should be adopted to prevent voltage failures in the distribution system. 
D. Discussions
As discussed in Section III, the congestions in distribution systems can be solved with several different methods. Based on the structure of NordPool Spot electricity market, the DCPs based model is adopted in this paper.
On the other hand, another market mechanism bases on the declared cost of scheduling flexible demands is also an applicable alternative. However, the major drawback of this method is the difficulties in calculating the real cost of changing the demands of the flexible appliances. As shown in [18] , the final settled spot price in the distribution system is much higher than the original price. Moreover, the reasonable treatment of the large amount of excessive purchasing cost introduced by this approach is still unclear. As a result, the electricity market is not likely to perform in a very efficient way.
Besides, this paper assumes that all the flexible appliances will operate following the aggregators' schedules. In reality, the demands may be altered from the aggregators' schedules due to unforeseeable factors such as device failures and the customers' autonomous operations. Such mismatches can be compensated through intraday market, real-time market, or DLC methods. In additions, the aggregators may compensate possible economic losses caused by those mismatches through modifying the power supply contracts with the customers who failed to respond to the schedule.
V. CONCLUSION
This paper presents a market mechanism of DCPs for the congestion alleviation in distribution systems through the response of household demands. The aggregators and retailers are able to schedule the electricity consumption of flexible demands to maximize their profits. At the same time, it becomes possible for the DSO to set up DCPs as a market mechanism to alleviate possible congestion in distribution systems in the day-ahead electricity market. The DCPs based congestion alleviation strategy has been validated by the case studies using a practical Danish 10.5 kV distribution system. Though slight congestions still exist with DCPs implemented, the overloading rates are very low and acceptable since the distribution lines and transformers have overloading capacities.
Still, there is a lot of work to be done in the near future concerning several major issues in distribution systems. For instance, the accurate estimation of the spot market price; the coordination between day-ahead market and real-time market; multiobjective distribution system optimization considering congestions, voltage distribution and network losses; the congestion alleviation strategies with the integration of DR, EVs, and DGs, etc. Besides, the integration and coordination of different congestion management approaches are also promising trends in handling distribution system congestions.
APPENDIX A THERMAL MODELS OF HOUSEHOLD APPLIANCES
A. Thermal Model for Houses
For simplification, the thermal models of individual houses are comprised of three parts, which are the interior of the house, the surface of the house including walls and windows, and the exterior [19] . Let A, H, S, W, E, and V denote the floor area, height, surface area, window area, exterior wall area, air ventilation rate of the house, respectively. In this paper, H is assumed to be 2.5 m, V is assumed to be 50% per hour, and the windows comprise 20% of the exterior wall area of all the houses. Also, it is assumed that at any time during the day, only 50% of the exterior walls are exposed to sunlight. For a given value of A, the value of S, E, and W can be calculated as follows [20] :
Furthermore, let C i , C s , R is , R ie , and R se denote the heat capacity of house interior, heat capacity of the house surface, heat transfer coefficient (HTC) between the interior and surface, HTC between the interior and exterior, and HTC between the surface and exterior, respectively. These parameters can be obtained as follows [20] :
R se = 7.69S(69.05
B. Thermal Model for Heat Pumps
The dynamics of air source heat pumps mainly relate to the interior air temperature, the ambient air temperature, the house surface temperature, and the HTC between them. The thermal dynamics of air source heated house can be described by (26) and (27) [21] dT
where T i , T s , T e , Q HA , Q s , and ξ s represent the interior temperature, the surface temperature, the ambient temperature, the heat output of the air source heat pump, the solar radiation and the efficiency of solar radiation, respectively.
C. Thermal Model for Refrigeration Devices
Two types of refrigeration devices are considered in this paper, one is the combined refrigerator and freezer [22] , and the other is the large household refrigerator [23] . Both refrigeration thermal models are obtained from the simplified models described in [24] . The defrosting cycle of refrigeration devices is not considered in this paper, for it is controlled by the defrost timer other than the user or the aggregator.
1) Combined Refrigerator and Freezer:
The combined refrigerator and freezer can be represented by four thermal masses, namely refrigeration contents, freezing contents, the refrigeration interior, and the freezing structure. The temperatures of these four masses are denoted as T c1 , T c2 , T c3 , and T c4 , respectively. The thermal dynamic models can be described as
where C c1 , C c2 , C c3 , and C c4 represent the heat capacity of the refrigeration contents, the freezing contents, the refrigeration interior, and the freezing structure, respectively. R c13 , R c24 , R c34 , and R ic denote the HTC between the refrigeration contents and the refrigeration interior, the freezing contents and the freezing structure, the refrigeration interior and the freezing structure, the refrigeration interior and the air inside the house, respectively. Q FC denotes the heat consumption of the combined refrigerator and freezer.
2) Large Household Refrigerator: Let T l1 , T l2 , and T l3 represent the temperatures of the refrigeration contents, the refrigeration interior, and the cooling circuit, respectively. The thermal dynamic model of the large household refrigerators can be described as follows:
where C l1 , C l2 , and C l3 represent the heat capacity of the refrigeration contents, the refrigeration interior and the cooling circuit, respectively. R l12 , R l23 , and R il denote the HTC between the refrigeration contents and the refrigeration interior, the refrigeration interior and the cooling circuit, the refrigeration interior and the air inside the house, respectively. Q FL denotes the heat consumption of the refrigerator.
D. Thermal Constraints
In addition to the thermal models above, certain constraints must be respected to satisfy the needs of customers, as shown in 0 ≤ Q HA (h, t) ≤ Q HA,max (h, t) TABLE III  AIR SOURCE HEAT PUMP PARAMETERS   TABLE IV  PARAMETERS OF COMBINED REFRIGERATOR AND FREEZERS   TABLE V  PARAMETERS OF LARGE HOUSEHOLD REFRIGERATORS   TABLE VI  PARAMETERS OF DOMESTIC HOUSES 
